Employing a quantal diffusion description based on the stochastic mean-field (SMF) approach, we analyze the mass distribution of the primary fragments in the collisions of 136 Xe + 208 Pb system at the bombarding energy E c.m. = 526 MeV. This quantal approach provides a good description of the primary fragment distribution without any adjustable parameter, including the effects of shell structure.
I. INTRODUCTION
It has been recognized that multi-nucleon transfer in heavyion collisions provide a suitable mechanism for synthesizing new neutron rich nuclei [1] [2] [3] . In particular, multi-nucleon transfer in heavy-ion collisions involving heavy projectiletarget combinations could be utilized for the production of new neutron rich heavy nuclei [4] [5] [6] . For this purpose, experimental investigations have been carried out for heavy-ion collisions with heavy projectile-target combinations at near barrier energies [7] [8] [9] . Collisions of heavy systems at near barrier energies predominantly lead to dissipative deep-inelastic reactions and quasi-fission reactions. In dissipative collisions large part of the bombarding energy is converted into internal excitations, and the multi-nucleon transfer occurs between the projectile and target nuclei. Recently, the multinucleon transfer mechanism has been investigated for the reaction 136 Xe+ 208 Pb at bombarding energies E c.m. = 423, 526, and 617 MeV, and di-nuclear mass distributions of the primary fragments have been measured [7] . This system has two unique properties: (i) the neutron shells in the projectile xenon, N = 82, and the target lead, N = 126, are closed, and (ii) the Q gg −value distributions for nucleon transfers that drive the system toward symmetry and also toward asymmetry have negative values. As a result, the identity of the projectile and target are strongly maintained but data exhibits a broad mass distribution around the projectile and the target masses.
The multi-dimensional phenomenological Langevin type dynamical approach [4, 5, 10, 11] is quite successful in reproducing many aspects of the data, but the approach is semi-classical and involves a set of adjustable parameters. The mean-field approach of the time-dependent Hartree-Fock (TDHF) theory provides a microscopic approach for describing heavy-ion reaction mechanism at low bombarding energies [12] [13] [14] . Since several years, the TDHF approach has been used for describing the quasi-fission reactions [15] [16] [17] [18] [19] [20] . While the mean-field theory provides a good description for the average values of the collective motion it is not able to accurately describe dynamics of fluctuations for this motion. The fragment mass distributions provide a good example for the shortcoming of the mean-field description. The TDHF * ayik@tntech.edu calculations give nearly zero drift for the mass asymmetry, while the dominant aspect of the data is a broad mass distributions around the projectile and target masses resulting from multi-nucleon diffusion mechanism. The description of such large fluctuations requires an approach beyond the meanfield theory. The time-dependent random phase approximation (TDRPA) approach of Balian and Vénéroni [21] [22] [23] [24] [25] provides a possible approach for calculating dispersion of fragment mass distributions. However, this approach has severe technical difficulties in applications to the collisions of asymmetric systems [26] . Here, we employ the stochastic meanfield (SMF) approach [27, 28] to calculate the mass distribution of the primary fragments in 136 Xe + 208 Pb system. In Sec. II, we present a brief description of the quantal nucleon diffusion mechanism based on the SMF approach. In Sec. III, we present an analysis of the potential energy surface in the vicinity of the 136 Xe + 208 Pb system. The result of calculations for the mass distribution in 136 Xe + 208 Pb collisions is reported in Sec. IV, and conclusions are given in Sec. V.
II. QUANTAL NUCLEON DIFFUSION MECHANISM
As illustrated in previous publications [29] [30] [31] , the SMF approach gives rise to a quantal Langevin description for the relevant macroscopic variable including the quantal shell effects [32, 33] . Here, we consider nucleon exchange in collisions between heavy nuclei at near barrier energies in which the di-nuclear structure is maintained. We take the neutron N λ 1 and proton Z λ 1 numbers of the projectile-like fragments as the macroscopic variables. In each event λ , the neutron and proton numbers are determined by integrating the nucleon density over the projectile side of the window between the colliding nuclei,
where
The (x, y)−plane represents the reaction plane, with x−axis being the beam direction in the center of mass frame (COM) of the colliding ions. The window plane is perpendicular to the symmetry axis and its orientation is specified by the condition x (t) = 0. In this expression, x 0 (t) and y 0 (t) denote the coordinates of the window center relative to the origin of the COM frame, θ (t) is the smaller angle between the orientation of the symmetry axis and the beam direction. For each impact parameter b or the initial orbital angular momentum, as described in Appendix A of Ref. [30] , by employing the TDHF description, it is possible to determine time evolution of the rotation angle θ (t) of the symmetry axis. The coordinates x 0 (t) and y 0 (t) of the center point of the window are located at the center of the minimum density slice on the neck between the colliding ions. As an example, Fig. 1 shows the collision geometry in the 136 Xe + 208 Pb system at E c.m. = 526 MeV with the initial orbital angular momentum l = 100h at times t = 300 fm/c , t = 600 fm/c and t = 900 fm/c. The window plane and symmetry axis of the di-nuclear complex are indicated by thick and dash lines in frame (b) of this figure. In the following, all quantities are calculated for a given initial orbital angular momentum l, but for the purpose of clarity of expressions, we do not attach the angular momentum label to the quantities. The quantity in Eq. (1)
denotes the neutron and proton number densities in the event λ of the ensemble of single-particle density matrices. Here and in the rest of the article, we use the notation α = n, p for the proton and neutron labels. According to the main postulate of the SMF approach, the elements of the initial density matrix have uncorrelated Gaussian distributions with the zero mean valuesρ λ ji = δ ji n j and the second moments determined by,
where n j are the average occupation numbers of the singleparticle wave functions of the initial state. At zero initial temperature, the occupation numbers are zero or one, at finite initial temperatures the occupation numbers are given by the Fermi-Dirac functions. Here and below, the bar over the quantity indicates the average over the generated ensemble. Below, we briefly discuss the derivation of the Langevin equation for neutron and proton numbers of the projectilelike fragments, and for details we refer to Refs. [29, 30] . The rate of change of the neutron and the proton numbers for the projectile-like fragment are given by,
In this expression, we neglected the terms determined by the rate of change of the position and rotation of the window plane, since tangential and linear velocities of the window are much smaller than the Fermi velocity of nucleons. Using the continuity equation, we obtain a Langevin description for stochastic evolution the neutron and proton numbers of the projectile-like fragments whereê denotes the unit vector along the symmetry axis with componentsê x = cos θ andê y = sin θ . The quantity g(x) = 1/κ √ 2π exp −x 2 /2κ 2 represents a Gaussian with a dispersion κ, which behaves almost like delta function for sufficiently small κ. In the numerical calculations dispersion of the Gaussian is taken to be on the order of the lattice size κ = 1.0 fm. The right side of Eq. (5) defines the fluctuating drift coefficients v λ α (t) for the neutrons and the protons in the event λ . In the SMF approach the fluctuating current density vector in the event λ is given by,
A. TDHF calculations for mean dynamical path
Equations for the mean values of proton Z 1 (t) =Z λ 1 (t) and neutron N 1 (t) =N λ 1 (t) numbers of the projectile-like fragments are obtained by taking the ensemble averaging of the Langevin Eq. (5). For small amplitude fluctuations, and using the fact that average values of density matrix elements are given by the average occupation numbers asρ λ ji = δ ji n j , we obtain the usual mean-field results given by the TDHF equa-
Here, the mean values of the densities and the currents densities of neutron and protons are given by,
and
where the summation h runs over the occupied states originating both from the projectile and the target nuclei. The drift coefficients v p (t) and v n (t) denote the net proton and neutron currents across the window. 2 ), final orbital angular momentum l f , total kinetic energy (T KE), center of mass θ c.m. , laboratory scattering angles (θ lab 1 ,θ lab 2 ), and total excitation energy E * for a set initial orbital angular momentum l i . We carry out TDHF calculations for 136 Xe + 208 Pb at E c.m. = 526 MeV for a set initial orbital angular momenta in the range l = (100 − 300)h. This range of the orbital angular momenta correspond to the data collection range in the laboratory frame [7] . Table I shows the result of TDHF calculations for the final values of mass and charge of the projectilelike and target-like fragments, the final orbital angular momenta, the total kinetic energy, the center of mass and laboratory scattering angles, and the total excitation energy for a set initial orbital angular momenta. These calculations and calculations presented in the rest of the paper are performed using the TDHF program developed by Umar et al. [34] . A large part of the initial kinetic energy is dissipated during the collisions. The calculations give very small amount of mass drift, on the order of one mass unit of neutron and proton drifts at all impact parameters, which is consistent with data. As a result of the neutron shell closures in both projectile and target with N 0 = 82 and N 0 = 126, and the due to Q gg − values, the 136 Xe + 208 Pb di-nuclear system occupies a local potential minimum state in the (N-Z) plane. The system has a unique aspect of strongly preserving its initial di-nuclear structure on the average, but data exhibits remarkably broad mass distribution of the primary fragments.
B. Quantal Langevin equation for neutron and proton diffusion
Equation (5) provides a Langevin description for the stochastic evolution the neutron and the proton numbers of the projectile-like fragments. For relatively small fluctuations, we linearize the Langevin equation around the mean evolution. The drift coefficients v λ α (t) fluctuate from event to event due to stochastic elements of the initial density matrix δ ρ λ ji and due to the different sets of the wave functions in different events. We can represent the fluctuations due to state dependence of the drift coefficients in terms of the fluctuating neutron and proton numbers as
. As a result, we can express the linearized Langevin equation as,
where the derivatives of drift coefficients are evaluated at the mean values N 1 and Z 1 . The linear limit provides a good approximation for small amplitude fluctuations and it becomes even better if the fluctuations are nearly harmonic around the mean values. The stochastic part δ v λ α (t) of drift coefficients are given by,
The variances and the co-variance of neutron and proton distribution are defined as σ 2
Multiplying both side of Langevin Eqs. (10) by N λ 1 − N 1 and Z λ 1 − Z 1 , and taking the ensemble average, we find evolution of the covariances are specified by the following set of coupled differential equations [35, 36] ,
In these expressions D NN and D ZZ denote the neutron and proton quantal diffusion coefficients which are discussed below. It is well known that the Langevin equation (10) is equivalent to the Fokker-Planck equation for the correlated distribution function P(N, Z) of the neutron and proton numbers of projectile-like or target-like fragments [37] . Here, we consider the mass number distribution of the projectile-like and target-like primary fragments. Analytic solution of the Langevin equation for the projectile-like fragments is given by a Gaussian function P(A,t)
where A 1 = N 1 + Z 1 is the mean value of the mass number of the projectile-like fragments and the variance is given by
Distribution function of the targetlike fragments is given by a similar expression. We should note that the single Gaussian solution for Fokker-Planck equation and hence the Langevin equation is valid when the derivatives of drift coefficients are continuous as approached from left and right of the mean neutron and proton numbers. If the derivative of drift coefficients are discontinuous, which is the case in the 136 Xe + 208 Pb system, the mass dispersion in the asymmetric direction σ (10) by a single Gaussian distribution. In this case, as it is discussed in Sec. III, it is possible to represent the solutions of the Langevin equation as a suitable combination of Gaussian distributions toward asymmetry P < (A) and toward symmetry P > (A).
C. Neutron and proton diffusion coefficients
The quantal expression of the diffusion coefficients for neutron and proton transfers are determined by the autocorrelation functions of the stochastic part of the drift coefficients as [29] [30] [31] 
We refer the reader to Refs. [29, 30] in which a detail evaluation of the autocorrelation functions are presented. Here, for completeness of the presentation, we give the results. The quantal expressions of the proton and neutron diffusion coefficients take the form,
where J T ⊥,α ( r,t − τ/2) represents the sum of the magnitude of current densities perpendicular to the window due to the hole wave functions originating from target,
and J P ⊥,α ( r,t − τ/2) is given by a similar expression in terms of the hole wave functions originating from the projectile. We observe that there is a close analogy between the quantal expression and the classical diffusion coefficient for the random walk problem [32, 33] . The first line in the quantal expression gives the sum of the nucleon currents across the window from the target-like fragment to the projectile-like fragment and from the projectile-like fragment to the target-like fragment, which is integrated over the memory. This is analogous to the random walk problem, in which the diffusion coefficient is given by the sum of the rate for the forward and backward steps. The second line in the quantal diffusion expression stands for the Pauli blocking effects in nucleon transfer mechanism, which does not have a classical counterpart. The quantities in the Pauli blocking factors are determined by
The memory kernel G T (τ) in Eq. (19) is given by
with the memory time determined by the average flow velocity u T of the target nucleons across the window according to τ T = κ/|u T (t)|, and G P (τ) is given by a similar expression. In a previous work, we estimated the memory time to be about τ T = τ P ≈ 25 fm/c, which is much shorter than the contact time of about 600 fm/c [30] . As a result the memory effect is not important for the nucleon diffusion mechanism. We note that the quantal diffusion coefficients are entirely determined in terms of the occupied single-particle wave functions obtained from the TDHF solutions. According to the non-equilibrium fluctuation-dissipation theorem, the fluctuation properties of the relevant macroscopic variables must be related to the mean properties. Consequently, evaluations of diffusion coefficients in terms of mean-field properties is not surprising. As examples, Fig. 2 shows neutron (a) and proton (b) diffusion coefficients for the 136 to know the rate of change of the drift coefficients. In the 136 Xe + 208 Pb system both projectile and target have neutron close shells with N = 82 and N = 126, respectively. Furthermore, this di-nuclear system is placed at the bottom of a local minimum in the potential energy surface. This is evident from the negative Q gg −value distribution of the di-nuclear systems in vicinity of 136 Xe + 208 Pb . As seen from Fig. 1 of Ref. [7] , Q gg -values take increasingly negative values for drifts toward asymmetry, and smaller negative values for drifts toward symmetry. As a result, the system does not exhibit any visible drift between the mass numbers of projectile and target nuclei, but the potential energy surface in (N, Z) plane has a strong influence on the nucleon diffusion mechanism. We consider the projectile-like fragments and indicate the position of local equilibrium by the neutron and proton numbers of the projectile, N 0 = 82 and Z 0 = 54 on the (N, Z) plane in Fig. 3 . The charge asymmetry of the projectile 136 Xe is (78 − 52)/136 = 0.206. The set of nuclei which have the approximately the same charge asymmetry values are represented by thick dash-line following thick solid line (blue line in color) in Fig. 3 . We refer to this line as the iso-scalar drift path. The angle between iso-scalar path and neutron axis is about φ = 30 • , which indicates the iso-scalar line is extending nearly alone the beta stability valley in vicinity of the projectile-like fragments and similarly in the vicinity of targetlike fragments. In Fig. 3 , thick dash-line following thick solid line (red line in color), which is perpendicular to the iso-scalar path, is referred as the iso-vector drift path. We represent the potential energy surface in (N, Z) −plane in terms of two parabolic forms in the iso-scalar and in the iso-vector directions centered at the local equilibrium position of projectile 136 Xe as,
Here n = N 0 − N 1 and z = Z 1 − Z 0 , and (N 1 , Z 1 ) indicate neu- tron and proton number of a projectile-like fragment in vicinity of (N 0 , Z 0 ). As seen from Fig. 1 in Ref. [7] , Q gg −values for nucleon exchanges has a asymmetric distribution, become increasingly negative toward asymmetry, and take smaller negative values toward symmetry. As a result, the parabolic shape of the potential energy, particularly in the iso-scalar direction, can not have a symmetric form. Only for the purpose of clarity we represent the potential parabolas in the symmetric form in Eq. (21) . However, in particular in the iso-scalar direction, the parabolic form of the potential energy must have an asymmetric shape. It must have a larger curvature in the asymmetry direction than the curvature in the symmetry direction. The situation is analogous to the elastic potential energy of an asymmetric spring. In order to determine the curvature parameters, we employ the Einstein's relation, which provides a relation between the diffusion and drift coefficients in the transport mechanism of the relevant collective variables and it is often used in the phenomenological approaches [32, 33, 35, 36] . According to the Einstein's relation, the connection between the neutron v n (t) and proton v p (t) drift coefficients and the corresponding diffusion coefficients are given by,
Here, the temperature is absorbed into the curvature parameters β = b/T , α = a/T , and the quantities R v (t) = n cos φ − z sin φ , R s (t) = n sin φ + z cos φ represent the distances of an arbitrary fragment (N 1 , Z 1 ) located in the vicinity of the projectile from the iso-vector and the iso-scalar lines, respectively. Because of the analytical form, we can readily calculate the derivatives of the drift coefficients to give,
In principle, it is possible to determine the curvature parameters and hence the derivatives of the drift coefficients from the mean-drift path calculated in the TDHF approach. However, this does not work in the collision of the 136 
A. Curvature parameters for the potential energy parabola
For determining the curvature parameters, we choose two nearby systems 130 Te + 214 Po and 138 Ce + 206 Pt. The total mass numbers of both systems equal to the total mass number of 136 Xe + 208 Pb. The neutron number and proton number of 130 Te are smaller than 136 Xe by four units and two units, respectively. It has a charge asymmetry of 0.200, which is nearly the same as for the 136 Xe, and as a result it is located very near to the iso-scalar line as indicated in Fig. 3 . On the other hand, in 138 Ce the neutron number is smaller by two units and proton number is larger by four units than 136 Xe, and it is located on the iso-vector line as indicated in Fig. 3 . We carry out the SMF calculations for the 130 Te + 214 Po and the 138 Ce + 206 Pt at the same E c.m. = 526 MeV and for the initial orbital angular momentum l = 100h. Figure 4 shows the neutron and proton diffusion coefficients for the 130 The system initially drifts toward asymmetry along the iso-scalar line until about 400 fm/c. As the system heats up the shell effects disappear, the system reverses direction, drifts along the symmetry towards the local minimum and before reaching the minimum location of 136 Xe, it breaks up. By eliminating α from Eq. (22) and Eq. (23), we can derive an expression for β in terms of drift and diffusion coefficients. We use the drift information of 130 Te + 214 Po to determine the average value of the iso-scalar curvature parameter toward asymmetry direction β < in the time interval from t 1 = 480 fm/c to t 2 = 540 fm/c. This interval is indicated by thick blue line on the iso-scalar drift path in Fig. 3 , and it approximately corresponds to the average taken over maximum overlap of the colliding nuclei during the iso-scalar drift. In this manner, we estimate the average value of the curvature parameter in the asymmetric side of the of 136 Xe along the iso-scalar path as,
Here, ∆t = t 2 − t 1 and distance R v is evaluated with N 1 (t), Z 1 (t) on the iso-scalar path. The drift coefficients are determined from rate of change of the neutron and proton numbers v n = ∂ N 1 /∂t and v p = ∂ Z 1 /∂t in Fig. 5 . Figure 6 shows the result of the TDHF calculations of the mean values of the neutron and proton numbers of the projectile-like fragments as a function of time in collision of 138 Ce + 206 Pt. In this system time evolution is more complex, but we can recognize a rapid drift during the time interval (200 -400) fm/c along the iso-vector path toward the iso-scalar line and curving toward the asymmetry direction. As the system heats up the shell effects disappear, the system reverses direction, drifts along the symmetry toward the local minimum and almost reaches the minimum location of 136 Xe before it breaks-up at around 800 fm/c. By eliminating β from Eq. (22) and Eq. (23), we can derive an expression for α in terms of drift and diffusion coefficients. We use the drift information of the system 138 Ce + 206 Pt to determine the average value of the iso-vector curvature parameter in the time interval from t 1 = 210 fm/c to t 2 = 310 fm/c. This time interval approximately correspond to the average taken over the maximum overlap during the drift along the iso-vector path. The projection of this interval on the iso-vector line is indicated by a thick red line in Fig. (3) . We evaluate the average value of the curvature α over this interval as,
Here, ∆t = t 2 − t 1 and distance R s is evaluated with N 1 (t), Z 1 (t) on the iso-vector path. The drift coefficients are determined from rate of change of the neutron and proton numbers in Fig. 6 . Since 138 Ce + 206 Pt system rapidly drifts toward the charge symmetry of the iso-scalar path, the asymmetry of the curvature parameter in the iso-vector direction does not have an important effect on the diffusion mechanism. Therefore, we neglect the asymmetry effect in the potential energy in the isovector direction. For determining the iso-scalar curvature parameter toward the symmetry direction β > , we consider the associate system 142 Ba + 202 Hg. The charge asymmetry of nuclei 139 Te and 142 Ba have nearly the same value and are located on the iso-scalar path equal distance away from 136 Xe as indicated in Fig. 3 . Similarly, charge asymmetry of nuclei 214 Po and 202 Hg have nearly the same value and are located close to the iso-scalar path equal distance away from 208 Pb. In order to save computing time, rather than carrying out the SMF calculations for 142 Ba + 202 Hg system, we estimate the iso-scalar curvature parameter toward the symmetry direction β > , with the help of the Q gg −value distribution along the isoscalar path. The Q gg −value of 130 Te + 214 Po system relative to 136 Xe + 208 Pb is Q gg = −16.2 MeV. The associate system 142 Ba + 202 Hg has a Q gg = −2.99 MeV value relative to 136 Xe + 208 Pb. We estimate the potential energy and therefore curvature parameter along symmetry direction with the ratio of the Q gg − values to give β > = β < (2.99/16.2) = 0.023. For a heavy di-nuclear system the rotational kinetic energy depends on the mass asymmetry variable in a smooth manner [36] . As a result, the effect of the rotational energy on the curvature parameters is very small, and hence in the orbital angular momentum range l = (100 − 300)h of the dinuclear system 136 Xe + 208 Pb, the average value of the curvature parameters of the parabolic forms have approximately same magnitudes during the maximum overlap of the colliding nuclei. Furthermore, the curvature parameters should be proportional to the window area of the colliding nuclei for each orbital angular momentum. In order to take into account this window effect, we multiply the average values of the curvature parameters with a form factor β l < (t) = β < F l (t), β l > (t) = β > F l (t) and α l (t) = αF l (t). We take this form factor to be the ratio of neutron diffusion coefficients of the 136 Xe + 208 Pb for each orbital angular momentum,
The ratio of the neutron diffusion coefficients provide a measure for the ratio of the window area at time t to the maximum window area at time t m . 136 Xe + 208 Pb   TABLE II . Asymptotic values of the variances, the co-variances of neutrons and protons, the mass dispersions in symmetric σ > AA and in asymmetric σ < AA directions, and the dispersionσ AA of the middle Gauss functions for a set of initial orbital angular momentum in the interval l = (100 − 300)h in 136 Xe + 208 Pb collisions at E c.m. = 526 MeV. We determine the co-variances of the neutron σ 2 NN (t) and the proton σ 2 ZZ (t) variances and the mixed co-variance σ 2 NZ (t) by solving the differential equations in Eqs. (12) (13) (14) . Because of different curvature parameters in symmetric and asymmetric directions of the iso-scalar path, the variances and the co-variances have different values in symmetric and asymmetric directions. As an example, Fig. 7 shows the variances and the co-variance as a function of time for the initial orbital angular momentum l = 100h. We find the dispersion of the mass number distributions using the expression σ 2 AA (t) = σ 2 NN (t) + σ 2 ZZ (t) + 2σ 2 NZ (t). Table II shows The mass number distributions in the asymmetry direction and the symmetry direction are determined by the Gauss functions
IV. FRAGMENT MASS DISTRIBUTION IN
where, A l denotes the mean mass number of the projectilelike or the target-like fragments. Because of the asymmetric dispersions, these distribution functions do not match at the mean value of the mass number. In order to provide an approximate analytical description for the solution of the Langevin Eq. (10) we smoothly combine the left and right Gauss functions. We determine the right and left intersection points A 0 l (R), A 0 l (L) by matching the Gauss functions P
, and smoothly join the left and right Gauss functions between the intersection points by a middle Gauss function,
The dispersions of the middle Gauss functions are determined by requiring the entire distribution is normalized to one for each orbital angular momentum. This requirement is given by the integral relation,
Dispersionsσ AA (l) of the middle Gauss functions determined from this requirement are listed in the last column of Table II 136 Xe + 208 Pb system at E c.m. = 526 MeV. Data is taken from [7] .
We calculate the cross-section for production of a fragment with the mass number A using the standard expression, 
where P l (A) = P 1,l (A) + P 2,l (A) is the probability distribution of the total fragments and the summation runs over from the l min = 100h to l max = 300h. As shown in Table I , the total excitation energy of TDHF calculations at maximum l max = 300h value is E * = 53.7 MeV, which is nearly the same for the T KE = 40.0 MeV cut-off in the experimental fragment mass distribution in Fig. 8 . Here, P 1,l (A) and P 2,l (A) denote the probability distribution functions of the projectile-like and the target-like fragments for the initial orbital angular momentum l. The distribution functions of the projectile-like fragments and the target-like fragments are determined according to,
In these expressions A 1l and A 2l indicate the mean mass values of the projectile-like and the target-like primary fragments, respectively. We consider these distributions as averages over 20 angular momentum unit intervals and carry out the summation as follows,
10 × (2l n + 1)P l n (A) .
Here, l n = 100 + 20 × n denotes the average orbital angular momentum quantum number in the 20 unit intervals. Since the total probability P l n (A) is normalized to two, the factor 10 appear rather than 20 in front of (2l n + 1). Fig. 8 presents a comparison of the calculated cross-section for the primary fragment production indicated by solid line in collision of the 136 Xe + 208 Pb system at E c.m. = 526 MeV and experimental cross-sections of Kozulin et al. [7] are indicated by circles.
V. CONCLUSIONS
We carry out an investigation of mass distributions of the primary fragments produced in the collisions of the 136 Xe + system is located at a local potential energy minimum position in the (N, Z)− plane. We parameterize the potential energy in the vicinity of this local minimum in terms of two parabolic forms along the iso-scalar and iso-vector directions. We determine the curvature parameters of the parabolic forms by carrying out the SMF calculations for two nearby systems 130 Te + 214 Po and 138 Ce + 206 Pt, and utilizing the Q gg −value information of the systems 130 Te + 214 Po and 142 Ba + 202 Hg, which are located symmetrically on the (N, Z)− plane along the iso-scalar direction. As seen in Fig. 8 , the quantal diffusion calculations based on the SMF approach provides a very good description of the mass distribution of the primary fragments of data reported by the Kozulin et al. [7] without any adjustable parameters. 
